We conducted a population based pediatric study to determine the incidence of symptomatic kidney stones during a 25-year period and to identify factors related to variation in stone incidence during this period. Materials and Methods: The Rochester Epidemiology Project was used to identify all patients younger than 18 years who were diagnosed with kidney stones in Olmsted County, Minnesota from 1984 to 2008. Medical records were reviewed to validate first time symptomatic stone formers with identification of age appropriate symptoms plus stone confirmation by imaging or passage. The incidence of symptomatic stones by age, gender and study period was compared. Clinical characteristics of incident stone formers were described. Results: A total of 207 children received a diagnostic code for kidney stones, of whom 84 (41%) were validated as incident stone formers. The incidence rate increased 4% per calendar year (p ϭ 0.01) throughout the 25-year period. This finding was due to a 6% yearly increased incidence in children 12 to 17 years old (p ϭ 0.02 for age ϫ calendar year interaction) with an increase from 13 per 100,000 personyears between 1984 and 1990 to 36 per 100,000 person-years between 2003 and 2008. Computerized tomography identified the stone in 6% of adolescent stone formers (1 of 18) from 1984 to 1996 vs 76% (34 of 45) from 1997 to 2008. The incidence of spontaneous stone passage in adolescents did not increase significantly between these 2 periods (16 vs 18 per 100,000 person-years, p ϭ 0.30).
STONE events have been identified by hospital admissions, hospital based outpatient surgeries, emergency department visits and outpatient nephrology clinic visits in several recent studies describing an increase in pediatric nephrolithiasis. [1] [2] [3] A population based study is needed to confirm the increasing incidence of pediatric nephrolithiasis. Furthermore, the reasons for the apparent increase have not been clearly explained. Some have suggested that factors linked to nephrolithiasis in the adult population, such as obesity and diabetes, might be involved. [3] [4] [5] [6] We sought to improve the current understanding of nephrolithiasis in children with a population based study. Our primary goal was to determine the trend in the incidence of pediatric stone disease through time in a defined geographical region and to identify potential causes of any changes observed.
MATERIALS AND METHODS
After obtaining institutional review board approval, potential pediatric stone formers were identified through the Rochester Epidemiology Project. This database passively captures clinical events by linking medical records and diagnostic codes from every health care provider in Olmsted County for nearly all past and present residents. 7 Potential incident stone formers were identified by International Classification of Diseases, 9th edition codes 592, 594 and 274.11 assigned to any resident younger than 18 years from 1984 to 2008. Corresponding patient records were then manually reviewed to verify the presence of symptoms and either radiographic confirmation of a urological stone in a location consistent with symptoms or stone visualization on passage. For young children symptom criteria included gross hematuria, inconsolability, increased irritability and vomiting not explained by other illness. The charts of all validated stone formers were abstracted for information related to presentation, management, laboratory evaluation, comorbidities and medications. Children were excluded if they had a history of nephrolithiasis before 1984, were not Olmsted County residents at the stone event or had incidental asymptomatic stones only (biased by limited rate of abdominal imaging studies in children).
Age and gender specific rates per 100,000 person-years of risk were calculated for each year by dividing the number of first time validated stone formers by the estimated Olmsted County population as determined by the United States decennial census with linear interpolation for intercensus years. Adjusted rates (age adjusted by gender and an age-gender adjusted rate) were based on age and gender distribution of the United States 2000 total population 0 to 17 years old. Age and study period were analyzed as continuous and categorical variables using the  groupings 0 to 5, 6 to 11 and 12 to 17 years, and 1984 to  1990, 1991 to 1996, 1997 to 2002 and 2003 to 2008 , respectively. Age, gender and calendar year differences in the incidence of kidney stones were assessed with Poisson regression. A p value of 0.05 or less was considered statistically significant. Statistical analysis was performed using SAS®, version 9.2.
RESULTS
A total of 207 children were identified through diagnostic codes, of whom 84 (41%) were validated as incident stone formers ( fig. 1 ). There were 49 female (58%) and 35 male (42%) stone formers. Age adjusted incidence rates in females and males during the 25-year period were 12.6 (95% CI 9.1 to 16.2) and 8.6 (95% CI 5.7 to 11.4) per 100,000 person-years (p ϭ 0.08), respectively, with an overall age-gender adjusted incidence rate of 10.5 (95% CI 8.3 to 12.8) per 100,000 person-years. The incidence rate was higher for adolescents ( The incidence of stones varied by age and study period (table 1). The overall incidence of nephrolithiasis increased an average of 4% yearly (p ϭ 0.01) during the 25-year period. The age-gender adjusted rate increased from 7.2 per 100,000 person-years between 1984 and 1990 to 14.5 per 100,000 person-years between 2003 and 2008. This temporal increase was attributable to a rising incidence in the 12 to 17-yearold cohort (p ϭ 0.02 for age ϫ time interaction, fig. 2 ). The incidence of stones in adolescents increased 6% yearly (p ϭ 0.004) during the 25-year period. The increasing incidence through time did not differ by gender (p ϭ 0.63), and there were no significant gender differences based on age (p ϭ 0.36).
Mean patient age at presentation for symptomatic pediatric nephrolithiasis was 13.2 years (median 15.2). Mean age was 11.4 years (median 14.6) in 1984 to 1996 and 14.1 years (15.9) in 1997 to 2008 . Clinical characteristics of these stone formers revealed that the majority of children (76%) presented to the emergency department, although a substantial number (17%) were diagnosed in an outpatient primary care setting. Medical comorbidities included prior urinary tract infections (23%), attention-deficit/hyperactivity disorder (21%) and developmental/genetic/systemic abnormalities (21%). A family history of stone disease was documented in 40% of children. Dietary histories and recommendations for any changes in diet were not recorded in a standardized fashion to allow for meaningful analysis. BMI at presentation was available in 61 of the 84 stone formers (73%). Mean Ϯ SD BMI was 20.6 Ϯ 5.2 (range 5.7 to 37.2) for all children, and 18. A urologist was consulted within 15 days of diagnosis in 45% of children. Surgery was performed in 24 of 84 children (table 2). A metabolic evaluation was performed in 62% of the cohort, and metabolic abnormalities were detected in 33 of 52 patients (63%), with hypercalciuria being most common (table 3) . At the latest evaluation (2011) 37 of 84 patients (44%) have had 120 subsequent stone 
DISCUSSION
Our 25-year study of children in Olmsted County demonstrates that the incidence of nephrolithiasis has increased threefold in adolescents, rising 6% yearly throughout the study. The incidence has remained stable in younger age groups. The overall incidence of nephrolithiasis among children was roughly tenfold less compared to adults in Olmsted County, where the most recent data from 2000 showed rates decreasing by 1.7% yearly among men and increasing by 1.9% yearly among women. 8 Because of the rising incidence among adolescents, the overall incidence of nephrolithiasis in the pediatric population appears to be increasing at a rate of 4% yearly. Thus, our population based series confirms previous referral and institution based studies describing an increase in the incidence of pediatric nephrolithiasis.
1-3
Treatment of nephrolithiasis is reportedly on the rise at select freestanding pediatric hospitals based on analyses of inpatient admissions, emergency department visits and outpatient surgeries. 2 In a national database the number of children diagnosed with nephrolithiasis at these hospitals increased from 125 in 1999 to 1,389 in 2008, a notable rise compared to new diagnoses of appendicitis and bronchiolitis during the same period. Similarly a single institution study demonstrated a 4.6-fold increase in cases of pediatric nephrolithiasis per every 100 new children observed between the periods 1994 to 1996 and 2003 to 2005. 3 Referral patterns and coding errors were potential sources of bias in these reports. However, our population based study design enabled us to capture all stone related health care provided in a geographically defined population, and a detailed manual chart review validated and characterized all cases. It is noteworthy that outpatient visits to primary providers accounted for nearly 20% of pediatric stone events in our study, making this an important cohort to capture, given that pediatric nephrolithiasis does not typically require hospital admission for treatment or evaluation. 9 Overall our data confirmed the increased incidence of stones in children and showed that it was confined to the adolescent population.
Our study identified 12 to 17 years (median 15.2) as the predominant age of pediatric stone formers in Olmsted County across the 25-year period. Although this finding contrasts with epidemiological studies from abroad, where median age at presentation is less than 10 years, it is in keeping with United States hospital based studies that have revealed a notably higher number of stone formers 12 to 20 years old (mean 11.9). 2,10 -12 In these reports stone formation was greater in females than males older than 10 to 12 years, while the reverse was true in the younger cohorts. Although numerous studies have demonstrated a strong male predominance in pediatric urolithiasis, 13 we did not observe any statistically significant gender difference.
The metabolic and stone characteristics we observed were similar to prior pediatric nephrolithiasis cohorts. For example we noted calcium oxalate as the primary component in 71% of analyzed stones. 13 Hypercalciuria (62%) was the most common disorder observed among children who underwent metabolic evaluation in our population based study. Up to 84% of stone forming children reportedly have an identifiable metabolic abnormality, although this number could be inflated by referral bias.
14 Hypercalciuria has been noted in up to 50%, hyperoxaluria in 20%, hyperuricosuria in 8% and cystinuria in 7% of pediatric stone formers.
1,15, 16 The extent of metabolic evaluation performed in our cohort varied between providers, and despite the (2) recommendation that all children undergo metabolic evaluation after their first stone episode,
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40% of the children did not undergo any metabolic testing. Furthermore, while it is recommended that pediatric stone formers be counseled on increased water intake and decreased dietary sodium, meat and oxalate intake, 1 there was no consistent documentation of these principal recommendations. Such findings highlight the need for improved education of community practitioners.
The reason for the increase in adolescent nephrolithiasis is unclear. It has been suggested that increasing sensitivity of radiological imaging and use of CT account for a perceived increase in the incidence of pediatric nephrolithiasis. [1] [2] [3] 18 Our results support this hypothesis since there was no increase in spontaneous stone passage observed through time in the adolescent population despite a substantial increase in CT identified stones during the same period. Instead of a true increase in the incidence of symptomatic stones, CT may have helped identify symptomatic stone events in adolescents that would have been missed in the era before widespread use of CT for suspected stones. Consistent with this hypothesis, the mean stone diameter by CT was 3.7 mm, compared to 5.2 mm for symptomatic stone episodes diagnosed by other imaging modalities (p ϭ 0.07). CT is undeniably the most sensitive imaging modality for stone detection as pediatric studies have shown that kidney-ureter-bladder xray detects about 50% of stones visualized on CT, ultrasound detects about 60% (90% of renal and 25% to 38% of ureteral stones) and excretory urography detects about 87%. 9, 19, 20 Because noncontrast helical CT was reported to have 97% sensitivity and 96% specificity for ureteral stones in 1996, noncontrast CT was widely advocated in the late 1990s and early 2000s as the imaging modality of choice for suspected nephrolithiasis in children. 9, 21, 22 Correspondingly, the use of CT to diagnose pediatric urolithiasis increased from 26% in 1999 to 45% in 2008, with a concomitant decrease in the use of kidneyureter-bladder x-ray plus excretory urography, from 59% to 38%, during this time. 23 Although it has been hypothesized that the increasing incidence of stone disease in pediatric populations is related to childhood obesity, significant trends in obesity were not observed in the adolescent stone formers in our study. While recent estimates place 31.9% of children above the 85th percentile for age adjusted BMI, an increased BMI has not been observed to correlate with earlier stone development, large stones or the need for multiple procedures in a stone forming population. 6, 24 Additionally, evaluation of pediatric stone formers from 1999 to 2006 did not reveal a significant trend in the prevalence of high BMI. 24 Our study demonstrated a stable mean BMI of about 21 in our adolescent population through time. This BMI is similar to that of the general population, where the median BMI is 17.75 in 12-year-old males, 17.1 in 12-year-old females, 21.9 in 18-year-old males and 20.75 in 18-year-old females. 25 There are potential limitations to this study. Unfortunately, retrospective series such as this are restricted by the completeness and level of detail present in the medical record. While we could accurately identify children who had symptomatic stone episodes and presented for medical care, the ability to characterize fully stone episodes varied. Documentation of presenting symptoms and signs followed no pattern, particularly as related to negative findings, and supplemental data such as family history and dietary habits were inconsistently recorded. Numerous medical personnel treated known and suspected stone formers. Without a standardized algorithm for evaluation, providers more comfortable using sensitive imaging studies may have captured more incident stone formers than those who preferred to minimize radiation exposure. This variation is a somewhat expected trade-off in a population based study that captures all stone formers in the community, compared to a referral based study where more consistent and thorough evaluations are observed.
Finally, the trends seen in the incidence of pediatric stone disease in Olmsted County, Minnesota may not apply to all populations given that geographical, economical and ethnic factors are known to predict the incidence of stones in pediatric populations. 13 Indeed, the incidence of stone disease in children worldwide varies among regions, ranging from 0.5% to 5%, with a reported prevalence in the United States ranging from 1 per 1,000 to 1 per 7,600. 26, 27 CONCLUSIONS Our population based study shows a rising incidence of pediatric nephrolithiasis in the last 25 years that is entirely due to an increase in nephrolithiasis among adolescents. Specifically, there was a threefold increase in nephrolithiasis in 1984 to 1990 vs 2003 to 2008 among children 12 to 17 years old in Olmsted County, while the incidence has remained stable in younger age groups. The exact reason for this finding is not entirely clear, and the incidence may differ in other geographical regions. Metabolic evaluation was not consistently obtained in this population, and thus there is a need for education of providers and referral to specialists with appropriate expertise. It is noteworthy that there was no increase in the incidence of spontaneous stone passage among adolescents despite a marked increase in kidney stone diagnosis via CT. Therefore, the
